Introduction
============

Many alloplasmic lines have been produced using methods such as intergeneric hybridization and somatic hybridization ([@B18], [@B26], [@B37]). Intergeneric hybridization with wild relatives is one of the most popular ways to produce alloplasmic lines in many crop plants. Substitution of organellar genomes induces various phenotypic changes such as cytoplasmic male sterility (CMS, [@B8], [@B9]), petaloid ([@B21]), pistillody ([@B25]), biomass improvement ([@B2], [@B32]), germination capacity ([@B24]) and seed fecundity ([@B31]). The CMS phenotype has been utilized for producing hybrid seed in many crops ([@B10]), while most of the other phenotypic changes have not been put to practical use.

Alien organellar genomes have been introduced into *Brassica rapa* (L.) (2n = 20, AA), mainly by intergeneric hybridization ([@B37]). In the alloplasmic *B. rapa* lines low seed fertility, growth retardation and chlorosis were reported, as well as the CMS phenotype ([@B14], [@B21], [@B29]). Thus, substitution of organellar genomes affects various developmental stages from vegetative growth to reproductive growth in *B. rapa*.

*Diplotaxis tenuifolia* (L.) (2n = 22, DtDt) is a wild Brassicaceae relative, also known as wild or sand rocket ([@B28]). When this organellar genome was introduced into *Raphanus sativus*, the CMS phenotype was not observed ([@B4]). We have been attempting to produce a *B. rapa* CMS line carrying *D. tenuifolia* cytoplasm (cyt-*Dt*) by intergeneric hybridization and successive backcrossings for several years, however, one of the *D. tenuifolia* chromosomes remained in all the lines produced. Similarly, a *Moricandia arvensis* chromosome was required for the production of an alloplasmic *B. rapa* CMS line carrying *M. arvensis* cytoplasm (cyt-*Ma*, [@B35]). The (cyt-*Ma*) *B. rapa* (2n = 20) line degenerated before foliation because of severe chlorosis, while the (cyt-*Ma*) *B. rapa* (2n = 21) monosomic addition line showed a stable CMS phenotype without any abnormalities in vegetative growth or female fertility. Chlorosis was probably restored by the gene(s) located on the additional chromosome derived from *M. arvensis*.

Cross-talk between nuclear and organellar genomes greatly influences the development of alloplasmic lines. In this study, we investigated why the alloplasmic *B. rapa* MAL carrying *D. tenuifolia* cytoplasm requires the presence of one *D. tenuifolia* chromosome for viability.

Materials and Methods
=====================

Plant materials
---------------

The seed parent used was *D. tenuifolia* strain 1 (2n = 22, DtDt) that was provided by Cruciferae Genetic Stocks in Laboratory of Plant Breeding, Tohoku University, Japan. The 12 cultivars of *B. rapa* (2n = 20, AA) were used as the pollen parents; i.e. ssp. *perviridis* cv. 'Saori', cv. 'Hitomi', cv. 'Shousai', ssp. *chinensis* cv. 'Yohtei', cv. 'Ryokuyou', cv. 'Kazue', ssp. *pekinensis* cv. 'Kiraku 70', cv. 'Daifuku', cv. 'Harutourai' and ssp. *parachinensis* cv. 'Manamina'. They were provided by Tohoku Seed Company, Japan. *B. rapa* ssp. *pekinensis* cv. 'U-CC', ssp. *perviridis* cv. 'U-JMS' were accession lines in Laboratory of Plant Breeding, Utsunomiya University, Japan.

Production of hybrid progenies and amphidiploid plant
-----------------------------------------------------

Interspecific hybridization between *D. tenuifolia* and *B. rapa* was performed using a bud pollination followed by embryo rescue. Flower buds were emasculated one day before flowering, immediately pollinated with fresh pollen and then bagged for approximately one week. Ovary culture followed by embryo culture was conducted for embryo rescue, according to [@B3]. In a step to produce amphidiploid plants, apical meristem tissue at plants extending major leaves has been wrapped with cotton soaked with 0.1% (w/v) colchicine solution for 48 hours. After this treatment, the other axillary buds except for treated apical meristem were removed for growing period. In development of the (cyt-*Dt*) BC~1~ plants, we released bumblebees in a greenhouse placed *B. rapa* 9 cultivars with flowers growing, called open pollination method, after the bud pollinations. In successive backcrossings for development of the (cyt-*Dt*) BC~2~---the (cyt-*Dt*) BC~8~ plants, we used the bud pollination.

Identification of additional single chromosome
----------------------------------------------

Total DNA of plants was extracted according to the CTAB method ([@B12]). For a confirmation of the additional chromosome, we employed random amplified polymorphic DNA (RAPD) analysis using 400 RAPD-specific markers detectable random primers of 12-mer sequences (Common A to D, BEX, Tokyo, Japan) Amplification conditions were set according to [@B1]. As a positive control marker of *B. rapa* genome, primer pair specific for *B. rapa* A1 (forward primer; 5ʹ GTGTTTCTCTTCAACGCCTTTT 3ʹ, reverse primer; 5ʹ CACAAAGAATCCCCACAGATTT 3ʹ, [@B7]) was used. The PCR products by the RAPD analysis were cloned into pGEM-T Easy Vector (Promega, Madison, USA) and were sequenced by an outsourced commission (Eurofins Genomics, Tokyo, Japan). Sequence reads were assembled and analyzed using CLC Sequence Viewer 7 (CLC Bio Qiagen, Aarhus, Denmark).

Cytogenetic investigation in hybrid progenies
---------------------------------------------

Root tips of plants extending major leaves were preserved in 8-hydroxyquinolin solution during five hours, and then were fixed in Farmer solution (ethanol:acetic acid = 3:1) at 4°C overnight. Somatic chromosome number in the root tip cells from the (cyt-*Dt*) BC~1~ plants to the (cyt-*Dt*) BC~8~ plants was examined using Feulgen stain squash method followed by 1.0% (w/v) acetocarmine staining under an optical microscope (BX53LED, Olympus, Tokyo, Japan).

Meiotic chromosome behavior in pollen mother cells of the amphidiploid plants and the (cyt-*Dt*) BC~8~ plants was observed using the 1.0% acetocarmine smear method under the optical microscope.

Pollen fertility was used as main criteria for the evaluation of fertile and sterile plants. The opened anthers were harvested, and the pollen grains were stained with 1.0% acetocarmine. The pollen fertility was ascertained by observing 1000 pollen grains under the optical microscope.

Anatomical analysis
-------------------

To examine pattern of pollen tube growth, pistils at 48 hours after pollination were harvested and were fixed with the Farmer solution at 4°C overnight. They were rinsed with Milli-Q purified water and were softened with 1 N NaOH for about 30 minutes at 60°C. The samples were directly stained with 0.1% (w/v) aniline blue solution for more than one hour, and were observed under a fluorescence microscope (BX51N-33-FL2, Olympus, Tokyo, Japan). In order to obtain the image of many ovules, we performed a process of joining the multiple images. The rate of ovules with attracted pollen tube means the frequency for the total number of attracted pollen tubes (*n*) in at least 15 siliques per cross combination.

To compare embryonic development, siliques were collected at 10, 20 and 30 days after pollination (DAP). The collected fresh siliques were fixed in the Farmer solution at 4°C overnight after 10 minutes vacuum-infiltration. The samples of 10 and 20 DAP were treated with a graded ethanol series (90%, 70%, 50% and 30%) (v/v) at each 20 minutes, and were cleared in a transparent solution (chloral hydrate:glycerin:milli-Q = 8:2:1). The transparent samples were observed under a differential interference contrast microscopy (DIC) (BX53LED, Olympus, Tokyo, Japan). The samples of 30 DAP were dissected and were observed under a stereo microscope (Leica S6 E, Leica, Wetzlar, Germany). The embryo development stages were classified into five stages: globular stage, heart stage, torpedo stage, walking stick stage and mature stage, according to [@B36].

Seed setting per silique was calculated as dividing the number of mature seeds by the average number of ovules.

Results
=======

Production of alloplasmic B. rapa lines carrying D. tenuifolia cytoplasm
------------------------------------------------------------------------

We performed intergeneric hybridization between *D. tenuifolia* and *B. rapa* cv. 'Saori', 'Yohtei', 'U-CC' and 'Manamina' (Mana.) ([Fig. 1](#F1){ref-type="fig"}, [Supplemental Table 1](#s2-70_355){ref-type="supplementary-material"}). We performed a diploidization treatment on four F~1~ hybrid plants and selected an amphidiploid plant (2n = 42) carrying *D. tenuifolia* cytoplasm (cyt-*Dt*). We obtained 25 (cyt-*Dt*) sequidiploid BC~1~ plants (2n = 31) using the open pollination method with nine cultivars, 'Saori', 'Hitomi', 'Shousai', 'Yohtei', 'Ryokuyou', 'Kazue', 'Kiraku 70', 'Daifuku' and 'Harutourai' (Haru.). Two hundred and seventy-two (cyt-*Dt*) BC~2~ plants were produced by backcrossing with four cultivars, 'Saori', 'Shousai', 'U-JMS' and 'Yohtei'. We obtained four (cyt-*Dt*) BC~3~ plants that included plants with 21 chromosomes by backcrossing using five cultivars, 'Saori', 'Shousai', 'Yohtei', 'Kazue' and 'Haru.'. We generated the (cyt-*Dt*) BC~4~ to the (cyt-*Dt*) BC~7~ plants by successive backcrossing using five random cultivars, 'Saori', 'Shousai', 'Yohtei', 'Kazue' and 'Haru.'. We conducted backcrossing independently with five cultivars, 'Saori', 'Shousai', 'Kazue', 'Haru.' and 'Mana.'. We counted somatic chromosome numbers in 145 individuals from the (cyt-*Dt*) BC~4~ to the (cyt-*Dt*) BC~8~ plants, with all surveyed plants containing an additional chromosome ([Table 1](#T1){ref-type="table"}, [Fig. 3A](#F3){ref-type="fig"}). In theory, euploid plants (2n = 20) are generated at a probability of approximately 50%, however, we did not find any in our study. The single extra chromosome was inherited for at least four generations, and was common among the five different cultivars ([Table 1](#T1){ref-type="table"}).

We observed chromosome behavior during meiosis using pollen mother cells (PMCs) of the (cyt-*Dt*) BC~8~ plants with extra chromosome(s). We found that 10 bivalents (10~Ⅱ~) and one univalent (1~Ⅰ~) were formed during metaphase I. A different number of chromosomes, 10 and 11, were formed at metaphase II ([Fig. 3B](#F3){ref-type="fig"}, [3C](#F3){ref-type="fig"}). This suggested that the 10 bivalents were derived from *B. rapa* genomes and that the one univalent was extra. The PMCs of the (cyt-*Dt*) BC~8~ plants appeared to undergo meiosis regularly, and formed a microspore tetrad ([Fig. 3D](#F3){ref-type="fig"}), with the result that half of the divided male gametes contained one extra chromosome, and the other half did not. These results suggest that this was the same for the female gametes.

To confirm the origin of the extra chromosome of the (cyt-*Dt*) BC~8~ plants, we performed RAPD analysis using a number of 12-mer random primer sets. One of the primer sets amplified products of the same size in both *D. tenuifolia* and the (cyt-*Dt*) BC~8~ plant ([Fig. 2](#F2){ref-type="fig"}). These PCR products were subcloned and sequenced. Then, we searched for the most homologous *B.rapa* sequences in the database and compared them ([Supplemental Fig. 1](#s1-70_355){ref-type="supplementary-material"}). We found 17 changes among the *B. rapa*, the *D. tenuifolia* and the (cyt-*Dt*) BC~8~ plant sequences, consisting of 15 substitutions and two indels. All changes were common between the *D. tenuifolia* and the (cyt-*Dt*) BC~8~ plant sequences, and different from the *B. rapa* sequence. Since the (cyt-*Dt*) BC~8~ plants have been subjected to a considerable number of backcrossings with *B. rapa*, it is hard to imagine that this DNA fragment had undergone recombination with the chromosomes derived from *B. rapa*. The most likely explanation is that the (cyt-*Dt*) BC~8~ plants had a full or partial chromosome derived from *D. tenuifolia*. Therefore, we named the (cyt-*Dt*) BC~8~ plants with one chromosome of *D. tenuifolia*, the (cyt-*Dt*) *B. rapa* monosomic addition line (MAL).

Flower organ morphology and fertility of the (cyt-Dt) B. rapa MAL
-----------------------------------------------------------------

We investigated the phenotypes of the (cyt-*Dt*) *B. rapa* MAL, focusing on flower morphology and fertility. The flowers of the (cyt-*Dt*) *B. rapa* MAL were slightly smaller than those of the euplasmic *B. rapa* line ([Fig. 3E--3H](#F3){ref-type="fig"}). The flowers of the (cyt-*Dt*) *B. rapa* MAL had shrunken stamens containing short filaments ([Fig. 3H](#F3){ref-type="fig"}). The anthers of the euplasmic *B. rapa* line contained abundant pollen grains, which were strongly stained by acetocarmine ([Fig. 3I](#F3){ref-type="fig"}). In contrast to this, the anthers of the (cyt-*Dt*) *B. rapa* MAL contained few pollen grains, which were not stained and were not scattered at all from the anthers during the flowering period ([Fig. 3J](#F3){ref-type="fig"}). Therefore, all male gametophytes from the (cyt-*Dt*) *B. rapa* MAL lost their fertility, and the (cyt-*Dt*) *B. rapa* MAL showed a complete CMS phenotype. The other organs, including nectarines and pistils, looked no different from those of the euplasmic *B. rapa* line. The seed setting rate of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' was approximately half of that of the euplasmic *B. rapa* 'Haru.' ([Fig. 3K](#F3){ref-type="fig"}). To clarify whether the decline in the seed setting rate of the (cyt-*Dt*) *B. rapa* MAL is due to self-incompatibility (SI), ovules of the (cyt-*Dt*) *B. rapa* MAL were fertilized with pollen from another subspecies ([Fig. 3K](#F3){ref-type="fig"}, [Supplemental Fig. 2](#s1-70_355){ref-type="supplementary-material"}A). The seed setting rate was approximately 50% that obtained after crossing within the same species, confirming that the influence of SI was small.

The ability to attract pollen tube in the (cyt-Dt) B. rapa MAL
--------------------------------------------------------------

To further clarify why seed setting has declined in the (cyt-*Dt*) *B. rapa* MAL, we observed the ability of the (cyt-*Dt*) *B. rapa* MAL to attract pollen tubes in pistils ([Fig. 4](#F4){ref-type="fig"}). Almost all ovules of the euplasmic *B. rapa* 'Haru.' attracted pollen tube ([Fig. 4A](#F4){ref-type="fig"}, [4C](#F4){ref-type="fig"}), while approximately half of ovules failed to attract pollen tube in the (cyt-*Dt*) *B. rapa* MAL 'Haru.' ([Fig. 4B](#F4){ref-type="fig"}, [4C](#F4){ref-type="fig"}). Similar data was acquired when crossing with other subspecies ([Fig. 4C](#F4){ref-type="fig"}, [Supplemental Fig. 2](#s1-70_355){ref-type="supplementary-material"}B), indicating that the decline was not influenced by SI. The decline in seed setting in the (cyt-*Dt*) *B. rapa* MAL is most likely associated with the fact that half the ovules lack the ability to attract pollen tube, indicating female sterility.

Embryo development in the (cyt-Dt) B. rapa MAL
----------------------------------------------

We investigated the development of fertilized ovules in the (cyt-*Dt*) *B. rapa* MAL 'Haru.' ([Fig. 5](#F5){ref-type="fig"}). The frequency of ovule enlargement in the euplasmic *B. rapa* 'Haru.' remained stable at 10, 20 and 30 DAP ([Fig. 5A](#F5){ref-type="fig"}), and that of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' also remained stable, at a level half that of the euplasmic *B. rapa* 'Haru.'. There was no difference in the size of the enlarged ovules between the (cyt-*Dt*) *B. rapa* MAL and the euplasmic *B. rapa* line at all time points tested. Most of the fertilized ovules kept growing for at least 30 DAP in both lines. We classified the embryonic stage of each fertilized ovule into five classes in both lines at three different time points ([Fig. 5H](#F5){ref-type="fig"}, [5I](#F5){ref-type="fig"}). Although embryogenesis of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' was slightly delayed compared to the euplasmic *B. rapa* 'Haru.' at 20 DAP ([Fig. 5H](#F5){ref-type="fig"}, [5I](#F5){ref-type="fig"}), the rate of formation of mature embryos in the (cyt-*Dt*) *B. rapa* MAL 'Haru.' at 30 DAP was similar to that of the euplasmic *B. rapa* 'Haru.'. This result also suggested that almost all fertilized ovules can also survive and keep developing in the (cyt-*Dt*) *B. rapa* MAL. Thus, the fertilized ovules in the (cyt-*Dt*) *B. rapa* MAL 'Haru.', accounting for approximately 50% of the total ovules, were able to develop into mature seeds. In short, the cause of the decrease in the seed setting level in the (cyt-*Dt*) *B. rapa* MAL can be mostly explained by the fact that almost half the ovules do not attract pollen tube. Therefore, pre-zygotic defects rather than post-zygotic defects are involved in female fertility and progeny development of the (cyt-*Dt*) *B. rapa* MAL.

Although female gametes in the (cyt-*Dt*) *B. rapa* MAL theoretically segregate into two chromosome numbers, n = 10 and n = 11, at the same rate, all the progeny always have an additional chromosome derived from *D. tenuifolia*, resulting in 2n = 21. This implies that female fertility was probably restored by the gene(s) located on the additional chromosome derived from *D. tenuifolia*. We suggest a possible model in which only the female gametes with an additional chromosome are able to survive ([Fig. 6](#F6){ref-type="fig"}).

Discussion
==========

In various crop plants, alloplasmic lines have been developed to obtain agriculturally useful traits such as CMS ([@B6]). Alloplasmic lines are difficult to produce in some species combinations, however, due to incompatibilities between the organellar and nuclear genomes. The retention of a single chromosome derived from the cytoplasmic donor species may help in these cases. For example, in wheat, some alloplasmic lines, even after a large number of backcrosses, retain an additional chromosome originating from their cytoplasmic donor species ([@B13], [@B20], [@B34]). Retaining a chromosome derived from a cytoplasmic donor also allows progeny to be obtained from alloplasmic lines in Brassicaceae ([@B35]). Our study suggested that an additional chromosome derived from *D. tenuifolia* was required in the alloplasmic *B. rapa* plants to restore cytoplasmic female sterility (CFS) during female gamete developmental stages. Since the (cyt-*Dt*) *B. rapa* MAL exhibited stable CMS regardless of the presence or absence of the additional chromosome, the additional chromosome was not involved in controlling the fertility of male gametes.

The ovules that became enlarged in the (cyt-*Dt*) *B. rapa* MAL developed into mature embryos at 30 DAP ([Fig. 5A](#F5){ref-type="fig"}, [5I](#F5){ref-type="fig"}). This suggests that embryogenesis occurred normally in the ovules, and that the additional chromosome may play a role before fertilization. The ovules lacking the additional chromosome had a defect at some point during the female gametophyte stages, reducing the number of progeny by about half. Though our data clarified the inability of (cyt-*Dt*) *B. rapa* MAL to attract pollen tubes, the additional chromosome may contribute to female gametogenesis, as well as contributing directly to pollen tube attraction. The inability of some ovules to attract pollen tubes may be caused by immaturity of the female gametes. However, the type of defects occurring in the embryo sac of the (cyt-*Dt*) *B. rapa* MAL remain unknown. It is known that the many genes related to plant development are regulated by the coordination anterograde (nuclear to mitochondrial) and retrograde (mitochondrial to nuclear) signaling pathways ([@B27]). For example, many nuclear-encoded pentatricopeptide repeat (PPR) proteins involve in organellar gene expression in plants ([@B19]), and several PPR genes are essential for embryonic development ([@B11]). In addition to PPR proteins, several signal molecules originating from chloroplasts or mitochondria are known to modulate the expression of nuclear genes ([@B15], [@B17], [@B33]). Indispensable signal molecules in the nuclear genome corresponding to the organellar genomes of *D. tenuifolia* may be located on the additional chromosome of the (cyt-*Dt*) *B. rapa* MAL. Further investigations will reveal how the alien organellar genome is regulated by the factor(s) encoded in the additional chromosome.

The (cyt-*Dt*) *B. rapa* MAL exhibited a CMS phenotype, and developed normally until the flowering stage without a chlorotic phenotype. Therefore, the (cyt-*Dt*) *B. rapa* MAL could be utilized for F~1~ seed production in *B. rapa* as a new CMS system, once we introduce the restoration factor(s) responsible for female sterility on the additional chromosome into the *B. rapa* genome. This method has been previously reported, for example, the CMS phenotype was restored by introgression of nuclear restorer gene(s) derived from *M. arvensis* in *B. juncea* CMS plants carrying *M. arvensis* cytoplasm ([@B16], [@B30]). Development of *B. oleracea* lines carrying *R. sativus* cytoplasm using successive backcrossing methods was interrupted due to its complete female sterility ([@B22]). The lines were finally developed by embryo rescue ([@B5]) and utilization of a tetraploid pollen parent ([@B23]). The (cyt-*Dt*) *B. rapa* CMS plants should be developed using a variety of approaches in order to reduce the risks associated with using a single CMS system.

In conclusion, we showed that only half of the female gametes of the (cyt-*Dt*) *B. rapa* MAL are female-fertile and these only survive due to the addition of a single chromosome. This study provides a new use for the cross-talk between the nuclear and organellar genomes in Brassicaceae.
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![Scheme for development to the (cyt-*Dt*) *B. rapa* MAL plant. The (cyt-*Dt*) *B. rapa* MAL plants were produced by intergenetic hybridization between *D. tenuifolia* and *B. rapa*, followed by successive backcrosses to *B. rapa*. The (cyt-*Dt*) means *D. tenuifolia* cytoplasm.](70_355-g001){#F1}

![PCR analysis using RAPD primers specific for *D. tenuifolia*. *B. rapa* specific marker is a positive control marker of *B. rapa* genome.](70_355-g002){#F2}

![Cytogenetical and morphological characteristics of the (cyt-*Dt*) *B. rapa* MAL plant. (A) Somatic chromosome numbers of the root tip of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' (2n = 21). (B--D) Chromosome behavior during meiosis of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' in metaphase I (10~II~ + 1~I~) (B), metaphase II (10 + 11) (C) and pollen tetrad stage (D). Arrow indicates one univalent in (B). (E--H) Floral morphology of the euplasmic *B. rapa* 'Haru.' (left) and the (cyt-*Dt*) *B. rapa* MAL 'Haru.' (right). (I) Fertile pollen grains of the euplasmic *B. rapa* 'Haru.'. (J) Sterile pollen grains of the (cyt-*Dt*) *B. rapa* MAL 'Haru.'. Scale bars: 10 μm in (A--D), 5.0 mm in (E--H), 50 μm in (I, J). (K) Seed setting rates in the euplasmic *B. rapa* 'Haru.' (white) and the (cyt-*Dt*) *B. rapa* 'Haru.'(grey). The data show as means ± SD, *n* = 10. Significant differences (p \< 0.001) between the euplasmic *B. rapa* line and the (cyt-*Dt*) *B. rapa* MAL are indicated by \*.](70_355-g003){#F3}

![The pollen tubes attraction ability of the (cyt-*Dt*) *B. rapa* MAL. (A) Pollen tubes in sib pollination of the euplasmic *B. rapa* 'Haru.'. (B) Pollen tubes in the (cyt-*Dt*) *B. rapa* MAL 'Haru.' × the euplasmic *B. rapa* 'Haru.'. Arrows indicate the ovules with attracted pollen tube. Arrowheads indicate the ovules without attracted pollen tube. Scale bars: 50 μm. (C) Rates of ovules with attracted pollen tube. Significant differences (p \< 0.001) between the euplasmic *B. rapa* line and the (cyt-*Dt*) *B. rapa* MAL are indicated by \*.](70_355-g004){#F4}

![The embryo development ability in the (cyt-*Dt*) *B. rapa* MAL plant. (A) Number of enlarged ovules of sib pollination of the euplasmic *B. rapa* 'Haru.' (black) and the (cyt-*Dt*) MAL 'Haru.' × the euplasmic *B. rapa* 'Haru.' (gray). The data are the frequencies for the total number of enlarged ovules (*n*) in at least 15 siliques per combination. (B--G) Embryo development of sib crossing of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' (B--D) and the one of crossing combination of the (cyt-*Dt*) *B. rapa* MAL 'Haru.' × the euplasmic *B. rapa* 'Haru.' (E--G) at 10 days after pollination (B, E), 20 days after pollination (C, F) and 30 days after pollination (D, G). Scale bars: 100 μm in (B, E), 250 μm in (C, F), 500 μm in (D, G). (H) Embryonic development stage of sib crossing of the euplasmic *B. rapa* 'Haru.'. (I) The (cyt-*Dt*) *B. rapa* MAL 'Haru.' × the euplasmic *B. rapa* 'Haru.'. The embryonic development stage means five classified stages; globular stage (blanked square), heart stage (dotted square), torpedo stage (hatched square), walking stick stage (gray square), mature stage (black square). *n* = 20.](70_355-g005){#F5}

![A model for understanding seed formation in the (cyt-*Dt*) *B. rapa* MAL plant. Ovules having the additional chromosome (n = 11) can attract pollen tube, while the other ovules without additional chromosome (n = 10) cannot attract one.](70_355-g006){#F6}

###### 

Distribution of chromosome numbers of the (cyt-*Dt*) *B. rapa* MAL plants in BC~5~ to BC~7~ generations after successive backcrossings by multiple pollen parents of the *B. rapa* five cultivars, and in BC~8~ generation after backcrossing by the individual *B. rapa* five cultivars

  --------------------------------------------------------------------------------------------------------------------------------
  Generations              Cross combinations                       Number of\                 Chromosome numbers (2n)        
                                                                    plants observed                                           
  ------------------------ ---------------------------------------- -------------------------- ------------------------- ---- ----
  BC~5~                    (cyt-*Dt*) *B. rapa* BC~4~ plants (21)   *B. rapa* five cultivars   22                         0   22

  BC~6~                    (cyt-*Dt*) *B. rapa* BC~5~ plants (21)   *B. rapa* five cultivars   15                         0   15

  BC~7~                    (cyt-*Dt*) *B. rapa* BC~6~ plants (21)   *B. rapa* five cultivars   16                         0   16

  BC~8~                    (cyt-*Dt*) *B. rapa* BC~7~ plants (21)   *B. rapa* 'Saori'           5                         0    5

  *B. rapa* 'Shousai'      10                                        0                         10                             

  *B. rapa* 'Kazue'         8                                        0                          8                             

  *B. rapa* 'Harutourai'   60                                        0                         60                             

  *B. rapa* 'Manamina'      9                                        0                          9                             
  --------------------------------------------------------------------------------------------------------------------------------

[^1]: Communicated by Katsunori Hatakeyama
